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ABSTRACT

Time and wavelength dependent mathemuditical models for re-
tinal burns and for flashblindness from nuclear detonations are deve-
lop(;d in this report. These models are incorporated into 2 com-
puter program with the latest weapon and burn threshold data to
caiculate safc separation distances as a function of time for given
sets of initia! conditions., The results, which present safe sepa-~
ration envelopes with time as a parameter, are included in the appendices.
Yield, altitude of deronation, visibility and day cr night conditions are |

also parameters., Retinal burn predictions with this model compare

favorably with the experimental resulis obtained during Operation Dominic.
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I, INTRODUCTION

g oy

It has been Fnown for many years that damage to the cyes can

ke i B
]

occur as a result of viewing a very bright lig'a. aad the development

of nuclear warfar: introduced 2 new and putentially more hazardous

light source capahble of producing eye injurn s {retinal burns). Further,
- it was recognized that. due to the focusing of energy by the eve,

injury could be sustained at extremely long distances--much greater

[....u-,-;. ....l

distances, in fact, than those at which injury could be produced by any

ml

. other direct effects. Even though permanent injury may not always

T

be produced, a temporary impairment of visual function (flashblind-
- -~ p

[

lalml-lnn -uj

g

ness} can be experienced that could seriously affect an individual's
ability to carry out critical tasks. The potential effect on military

operations dictated the need for a thorough study of the problems

and the development of methods to predict “safe" distances of ap-

proach with respect to these two effects, =

The purposes of this report are (1} tc present consistent and

general time and wavelength dependent mathematical models for the

prediction of retinal burns and flashblindness and (2} to incorporate

M ORI

these models, along with the latest and most complete threshold and
source data available, in an efficient and f{lexible computer pro-
grarn which will determine the distances ol closest approach (or

safe separation distances) for specific situations.




With respect to retinal burns, the safe separation distance is
p P

defined as the minimum horizontal range from {ireball to observer

{measured along the carth's surface) that will prevent the observer

from sustaining permanent eye damage before protective action,
such as & blink, can cccur. In the case of flashblindness the safe
separation distance is thc minimum horizontal distance from fireball

to observer {measured along the earth's surface) that will enable

il

the observer to recover the ability to perform a specified visuval

fit ‘,ll u”ﬂ,;

3 task within 10 seconds of the initiation of the flash.

3
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11, VISUAL EFFECTS

r"""""h"1

A Retinal Burns

rlm ulmm,

When a fireball is viewed, the light rays received by the eye

arc refracted by the cornea, lens, and ocular media and focused

= ~ on the retina forming there an image of the firebali. The light

lillllllllhllll]
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energy is absorbed in the retina and adjacent structures, producing

a region of elevated temperature. If the temperatures generated

 F——
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exceed the biological tnlerances, permanent injury will result with

1

- 3 an asxsociated permanent loss of visual function in the region af-
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; fected. Present research efforts are zttempting to delineate thres-

[

hold temperatures, but relatively little reliable quantititive informa-
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tion is available. Lack of knowledge of threshold temperatures
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image size. howevseT, the burn size is =z Imanciicn of the severiwy &

the burn as well =5 the size of the imzge. The iocziicn of the burn
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burns. IFeor -sxample, = large burn In the Ipvea woznid seriousiy
affect visuz] acuity. However, = burn in the periphery wozid have
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the temporary loss cf vicual sensitivity following exposure to a
high luminance stimulus, can be produced by viewing a nuclear fire-
ball. The high-luminance {lash forms an afterimage of the same
reiative size and shape as the source and is perceived as a bright
or dark area {depending on the luminance of the background) in the
visual field. Initially, the brightness of the afterimage s related
to the amount cf photo-pigment bleached in the retinal image area.
Critical detail that could be detected prio. to the flash is usually
lost against this bright area for a period followinp the flash. In
order for the critical detail of a2 test object to be seen "through"
the afterimage, the object must produce a primary image of suf-
ficient brightness to create fatectable contrasts. The time between
the flash exposure and the time thit the observer can distinguish
critical detail is called the recovery time and is a measure of the

effects produced by the disturbance.

The general form of recovery time curves as a function of
flash energy, assuming a constant flash duration, is shown in
. I . . .
Figure 1. Test object luminance is the parameter between curves.
There will be no significant effect on visual function if the stimulus
energy is very low. As stimulus energy is increased, an increase
in recovery time s noted, but for exposures beyond those at which

maximu.n bleaching occurs, recovery times may change very little
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with an increase in stimulus energy. However, as the flash energy

approaches the threshold for injury, recovery time increases rapidly

until permanent injury occurs.

Tast object luminance is an important variable in determining
recovery times. The nature of the relationship between test
object luminance and recovery time can be seen f{rom
Figure 1. Note that for increasing test object (target) luminances,

recovery times decrease. Therefore, recovery time is a function
of the intezrated luminous energy in the flash, background lighting
conditions and the luminance and critical detail of the test object

used to determinie recovery.

1I1I. MATHEMATICAL MODEL AND PREDICTICN TECHNIQUES

A, Retinal Burns

Whether or not an observer will receive a retinal burn de-
pends upon whether or not the retinal radiant exposure (Q,) exceeds
the threshold exposure {Q.). Thus, the problem of calculating a
safe separation distance is simply that of determining the distance
at which Q. = Q..

The procedure for calculating these two

quantities follows.
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1. Determination of Q,
i The first problem is the computation of the "source term',
7 i.e., the power output of the weapon as a function of time and wave- §
length for any yield. Spectral power is given by
B PX = a(k, tH WW"t ) (1)
. where
S W = vyield (kilotons)
n 1
i P,= spectral owerf—c—a-—)
i AT P P \sec—u
p.282
. P = t{sec) t{sec) (,ﬁo 3
- and is called the scaled time.
t = real time after onset of pulse (sec)
,_E E-
%

0. 47 {5 0.282
trax = 0-037TW'" kF;‘L)

p = density of atmosphere at sea level

£ . = density of atmosphere at burst height

Z The ccefficients a{2, t::’) and the exponents b(?\.,t*) reflect Operation
2
Dominic experience (Project 4.1) and have been compiled for 10 -
=
=<

discrete wavelength bands. it should be notsd that the altitude

dependence of the power term has been taken intc account by the

inclusion of the atmospheric density factor in the expression for §§
% scaled time.> As the burst height of a given weapon increases, %ﬁ:
7 0

=
=
=
=
=
=

E
=




the scaled time also increases; this corresponds to the fact that the

real time required to release a specified amount of energy decreases =

d

i v

with increasing altitude.

Immu "

Because the computer program uses spectral radiance, N},
instead of spectral power, it is necessary to calculate the fireball
diameter, FD, as a function of time, yield, and burst height, Ex- =

perimental fireball data as well as theoretical comgutations were

used in deriving the following scaling relationship:

0.13
- 0. 35 Po
FD(tx, W) (cmj = 21,350 FR({t"})W \ i {2) _
M/
where

FDIt*, W) = actual fireball diameter in cm at scaled time t* -
and yield W. 2
FR4{t*) = scaled firebali radius in cm determined from '—%

experiments,

This expression should be reasonably valid over the range of yield<

uq.. “ ]
st spic vy

- and burst altitudes considered in this report.

'

-

With spectral power, P, , and fireball diameter, FD(i¥}.deter-
A

1

mined, the spectral radiance, N,.. is computed as follows:
’ A

. cal. Py (W. s, 1) .
Ny (WoAn ) (\cmz-sec- -3.)= ! x j2 ) .
M [FFD ()] .

Pt
=

Retinal irrazdiance is cnlculated for all times of interest, :;, at a

lmhmmli‘l‘

H,
AR sttt S A

s iDL WD

given horizontal range, S:
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where
PD

n"

punil diameter of the human eye (night: 5.5 mm.
day: 2.5 mm)
FL = effective focal length of the human eye, 17 mm

the transmission throughk a distance D of the atimos-

T (5...D)
i

phere plus that of any canopies or filters. and the

ocuiar media for the speciral band centered at A

D = cslant range, cm

.
¥
[}

-

band width of the ith spectral band, u

\

From the retinal irradiance at t_;_}, and that at tj’ the retinal radi-
ant exposure for the time incremsnt 3t = {t

rained. 1.e.,

Eguation

=8
N
Q
2]
")
Aand
it
o
I
0
o
23

e determination of the retinal exposure

as a function of distance and time. The probiem of calculating
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T (A;. D). however, remains. As noted above, the totai transmission
is composed of three parts: transmission through the atmosphere
from fireball to observer, transmission through any canopies or
filters, and transmission through the ocular media of the subject

being considered.

Spectral transmission values for the ocular media of the human
were obtained from Boettner 2nd Wolter.4 It is assumed that no
filters will be present to obstruct vision and that the spectral trans-
mission values for an aircrait window taken from the Dominic pro-

ject report are representative for aircraft windshields>.

Narrow beam transmission thrcugh the atmosphere is assumed
and this simplified model includes only scattering by air and water
vapor. No account is taken of water vapor absorption and the
effects of dust or other contaminants. Thus, transmission through

this simplified atmosphere is given by

- AM -~ w
= %e ] i 3
Ta{;, D) = "Tair {23) _l LI‘HZO(ki) _] (M
where
Tair{}‘i = transmission for pure dry air for one gram per

square centimeter in the speciral band centered at

wavelength )‘i
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THZO(}‘i) - transmission for one precipitable centimeter of
. water vapor (one gram per square centimeter) in the

spectral band centered at wavelerngth '1

AM < number of grams per sguare centimeter of air in
the direct path from {ireball to observer
W = number of precipitablie centimeters (grams per square
centimeter) of water vapor in the direct path from
fireball to observer
T,{%, D) = total atmospheric transmission in the spectral band

centered at wavelength N for the direct path between

tha fireball and the sbserver

Tair(}.i) and THZO ‘4,) are taken from Smithsonian Meteorological
6
Tables. 1In order to calculate AM and W. an integration along the

slant path is made for the air and the water vapor density. That is,

av (3] - [oma (8)
cm J
D
w {gg?) = j[wvne'{WLR)(h}dl (9)
\Cm

D
where
g{h) ~ density of the atmosphere (_g_rx_:_ﬁ) as a function of altitude,

cm”

h {km) 7

i
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=
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dl = element of slant path between detonation and observer
in centimeters
WVD = water vapor density at sea levelsz 6.000622 -5;33
WLR = water vapor density lapse rate’= 0. 5397 ;L
m

Figure 2 illustrates the quantities involved in the integration pro-
cedure. The program takes note of the sphericity of the earth and

precludes the calculation of a separation distance that would iie

beyond the horizon.

To caiculate safe separation distances for a prescribed atmos-
pheric visibility, the constants WVD and WLR in the eguation for
water vapor density as a function of altitude are meodified. For a
10 km visibility, WVD is given a value which will reduce the sea
level transmission tc two per cent at 10 km. WLR is given a value
such that the modified water vapor density is equal to the unmodified

water vapor density when the two are compared at an altitude of

five miles.

2. Determination of Qc

The determinaticn of the appropriate Q. is accomplished vsing
the burn threshold values measured by Technolegy Incorporated
The measured burn thresholds

under Contract AF41(609)-33’~3-9.8

{measured using rabbits) have been fitted with the expression:
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10 seconds.

comparisons are made.

iR A

+

This

b ol (RN Oyt

square pulse exposure.

Ty
T

IR Bl A

L

Q. i‘-‘—:%lz\}: g’oit)di'z % Ho(t}} t {10}
where
di {mm)} = image diameter
and Po(t) and H.{t) are krown tabular functions.

shows the resulting curves for exposure times
However, the difference between the way the
laboratory threshold exposures were made and the way exposures

from nuclear weapons occur necessitates careful consideration when

At low altitudes, the fireball exhibits a typical two pulse

behavior; unfortunately the iaboratory threshold exposure data were
taken with single square pulse exposures.
{with a continuously varying irradiance} and the laboratcry data {with
a constant irradiance) are not directly comparable.
complicated by the fact that the image increases in size with time —
in the case of a nuclear exposure,whereas the laboratory measure-

ments were made with fixed size images.

The approach used here is to approximate the actual exposure
during time t, with an exposure calculated as

conditions similar to those in the laboratory; i.e., fixed size

-

between

Thus, actual field data

This is further
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f e . . eff . .

effective image diameter (d; ") during the exposure time t and by -

assuming that the entire exposure occurs at the maximum retinal -

. . max . . —

irradiance (Hr ) experienced up to time t. In order to conserve :
e the total retinal exposure {Q,) an effective exposure time (tEff) is -
= established with the relatiorship: :
" Qr
= tefl = (1) h
5 -4y —a
= The effective exposure time ir calculated for each cumulative time :
e - and is used in Equation 10 for the critical exposure Q.. Because ;
: the total energy in the first pulse is less than one per cent of the
E total energy in the se¢cond pulse, the calculation of ¢ s begun
= anew at the second pulse; i.2., Q_ is set equal to zerc .d any
= previous value of H, is neglected. .
= - The effective image diameter during the time t 1is established
: i by weighting the actual image area as a function of time with the -
2 retinal irradiance(Hr). This places most emphasis on the image
1, diameters that exist when the irradiance is greatest. The weighting .
e is done conserving energy (&,) on the retina and assumes a uniform h
= irradiance acrcss the image;
] . eff ‘e eff 1
€. = A fl—lr(t;d; = AT Qut) = fﬁ..(t)Hr(t)dt (12) i
e t t

g
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vhere

Ay area of the retinal image

"
RN IS
.
s

H

- - 52
{
Aeff = - i_d.e‘f_} = area of the effrctive retinal image for

L T L e T T I A R

the time t

Q. (1)

total retinal exposure at the center of the image for

the time t

Upon rearrangement, the {ollowing expression is obtained for the

effective image diarneter:

o | -

o

l‘ s @a
_ L
AR

L e

Upen substituting the effective exposure time and the effective

!}
[a ¥

(13}

i s conwrmmmms o}

ﬂu ittt !

!‘llllhlvluli’

image diameter into Equation 10, the following equation is obtained:

-
=
£
g

g

(<al off ex’x’ -2 efi (eff .
CWmJ r it ) Hdt)J (14)

bon

Equations 6 and 14 complete the calculation of the retinal exposure

and threshold exposure. However, a safety iactor of 2 is applied

oot T IARV VL] 1HED PIVAL N0

T

*I!ﬁnmmmnmmmmmnmvmumm;nenmmmmmgmmnm

to Q, to account for inadequacies in the source data as well as ®

approximations in the method. A safety factor of 4 is alsu applied

to Qr to cornpensate for the {act that: one, the thresheld data were

obtained for burns appear ug within five ininutes after exposure on

B T L L R
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rabbits and minimal burns could appear at still later tirnes; and,
two, that the human fovea is assumed to be more semnsitive than the
rabbit eye which has no fovea. With these safety factors inciuded,
the equation to be solved for the safe separation distance is BQr =
Qc' Sampie safe separation envelcpes are presented in Figure 4,
Figure 5 shows the results of tests for retinal burn on rabbits
during Operation Dominic. Also shown are burn threshold distances
predicted with the present model for the rabbit and safe separation

distances for man with the safety factor of 8.

B. Flashblindness

In order to ascertain whether an observer in 2 given situation
will be ''flashblinded" for more than an acceptable period of time,
it is necessary to consider three factors. These three factors are
the image diameter, the direct-image exposure, and the extra-image
exposure. Preliminary evidence by Richey9 indicates that impera-
tive visual information can be extracted from a typical aircraft
instrument panel following exposure tc a centrally fixated flash of
light, provided the image subtends a visual angle less than 3°. In
view of this result, a focused image on the fovea of less than 0.9
millimeters {0.9 millimeters corresponds to a 3° visual angle) is

considered to have no significant effect on the observer's ability to

18

o EEE RGP
!

TR




L (*w *u) EONVY TYINOZIMOH !
' 0s¢ ; 00€¢ 002 0§ 0

| L A i
, ) LHDIN * |-L RIERE _,_ RAN
w W g1 = ALITIFISIA R R ke M ,
_ AP Q1 s LHOIAH Lsvuadg T E ‘ ST T
| "X 00001= QIR - _ ol " , N S |
, N¥NE TYNILIY _ | NERRRAIS
. | SERRURERE : iy 3
, X BT U T O i LTy g
! ! i . i , _ ) by -
; 1. . il i cLE o
| T iy -
' 1
| N — , m A
i 1 | " ﬁ :
, . i SERRRR AN g
| « |
. ' 1 11 o
,, T , _ 'l ol o
: | . i @
w ; . ,_ V ee |
i . — s ~.,..~ a
. , .h.w L.
M -1+ 1 3ET
} .. T g
b
‘ ”:; = |
X
™

[
o
£
_ e
| g
- RENE g
| _i _ - _.g _ m
| | S T st T FESE EE R -
, | , | Y L O 1 O R I o
_ ﬁ_ é o L [EEE SN ERRE Y Ry N o
| | | 7 : R I A
, ! R T ) 1 i J0 o¥ m
,, f - o0 RN T R X
: i . J_me PN A O . “
. SIS . o L I o
; T P IO T B O
| ny i | R TR :
| . Hi * " I IR i .
A, [ 1 . _ it o

4 o]




IO uil!‘u'lr

i) T AN

bl St s

a1l

i

it s

T b

TS
SO RN 4

.i g gty

RO )

W]

At

e de

shinnstd

. mmplm

—
o - A$ 5k i
O 0i 0 él; i' f
1 i
3 5 i
2 S|alonlil |
28 I3 ;
3 A O 0 |O]lm
1l @
Y & S.
& o) ¥
- Eﬂ ¢ QO .t
1 4 Q i
24 = 8
4 a o & ml.
T =% =
3 a8 é HORIZONTAL RANGE AT
3 e CHNO po " WiICH 3 RABBITS OUT OF
3 2 A TOTAL OF 8 WERE
3 u a4 & BURNED UP TO BLiNK Tivg]
! [eYAY0) o (DOMINIC RG.R.).
R e = i A— PREDICTED BURN THRES-
= HOLD DISTANCE FOR
o 20 D  AOkc] o RABBITS.
® — PREDKCTED SAFE SEPARA-
g TION DISTANCE FOR HUMAN
2 o (1 JAN ™ OBSERVER WITH ASSUMED
BLINK TIME OF 2% SEC.+
T T '
b r-3 "
} a0 O o3y oY ® é P O- PARTIAL VISION ONLY
A — BLINK TIME = .97 SEC.
i 8 — BLINK TIME = 42 SEC.
{ T e AY r C — BLINK TIME z 86 SEC.
3
EVENT ORS.ALT |0 20 40 70 100 200 400
NO. {&ft.)
HORIZONTAL RANGE (n.m.}

Figure 5. Operation Dominic burn threshold distances for rabbits
and predicted safe separation distances for man.
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perform this kind of visual task. Therefore, the cilculation of a
safe separation distan.. for {lashblindness is essentially reduced to
one of finding the horizontal range at which the retinal exposure.
eff-Sec). either direct or extra-image at 1.5% from the
fovea, is equal to the threshold retinal exposure, Ec {trol,sr-sec).
The determination of E_ {with the assumption that the image is

centered on the fovea--a worsi case philosophy) and E

in the following sections

i. Determination of E_
Bince the direct- and extra-image exposures are essentiaily
products of different mechanisms, they will be dealt with separately

in this section. The direct-image exposure will be calculated first.

Direct image retinal exposure, E Llirol ge-sec) at a time t; and
at a norizonial range S is equal to the product of the time-integrated
. cd- sec\ er s
luminance ef the source and the effective area of the

observer's pupil (Yn..- rie.,

k 10
7 X A *
Er {trol ge-sec) = —(PDgg) zi. é‘:— L.xi”'i* ‘jn'ax(li' D)e A, "‘tj
=1 -1 (15}
where
- cd
L:"-i(:"i’ t:i') = spectral luminance of the fireball in mZ-u 2t

time t} and for the bandwidth centered at 3
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i,

Tax{)*i* D) = transmission through the atmospherc from source
to observer and the transmissicn through any

canopies or filters

PD,y¢s effective pupil diameter {(mm)

An efiective pupil diameter is used because of the Stiles-Crawford

3
effect and is calculated from the empirical formula'®

2 4
2 (om?) = PP ; ED pp?
PDeﬁ(mm }y= PD [1.0-0.08: 8 +§. 002 28

{16}
Spectral luminance is the photometric equivalent of spectral radiance

and is computed as follows:
= | cd \ 4 * £~
Lki()..i,tj)(;'nﬁ:’;}} = 4,19 x 19 XK\:’)\ \4\ ‘h j) {17)

where

K = maximum {555 my) photopic luminous efficiency = 680 lumens
watt

V. = average photopic relative luminous efficiency over the
bandwidth 21, based on 2 10° field of obsexvation.

{Commission Internationzle de 1'Eclairage)

On substituting Equation 17 into Equation 15, the foilowing

expression is obtained:
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 fopocin;

k 10
o
d V= 2.24x10 (PD )ZZ_ Vs {(x '*)T (.. DVA5. Lt
r(tro ef ! SEL T X e{f :1 i=1 i\xi l' tj ax' in J-l-r;'.i-‘j
’ (18)
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Equation 18 is used for the retinal exposure as lyng as the image

diameter {at time "k and at distance S) is larger tman 0.9 mim., If

the image diameter is les

th

than 0.9 mm, the extra-image exposure

is calculated.

E — z
i The extra-image exposure is theoretically attributable tc three :
T # separate sources: these are the intra-ocular scattering. the atmos-
E§
e pheric scattering. and the reflected energy from clouds, ground and
water. Because of the cxtrocme range of conditions that can exist T
N in actual situations, no account was taken 5{ the exposure from
e - ciouds, ground. water and other reflecting surfaces in the results
presented here.
. = 11,12 . . L .
i Vos has derived an expression for intra-ocular scattering
i~
T H - . . -
EE I3 as well as one for atmospheric scattering based on the following

assumptions:

Liiiie

. the fireball is a point source with respect to the

s

f

scattered lighi.

it

. the scattered light varies inversely with the square

of the distance from Jirebzall to the observer,

o pop
¥

c. the extra-image expcsure at a point on the retina is

. ;‘i 1 gty W

dependent upon the angle between that point and the

Sy

4‘.
]

g
H
H
E

direction of fixation {i.e., the direction of tke fireballl.
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ex
Extra-imzage retinal exposure, Eo trolg¢r-sec). from “the intra-ocular

scattering is given by:

-sec) =

ex % Z 5 = Py s
E (trol y .:) (FD;) L}\i(,'_i,tj)Tax(Ai.D)ai.iut.

ff J

j=1 ==1 {19)
while that for atmospheric scattering,Eix('n-cleﬁ--sec) is given by:

2
-9. 87(PD g)

£eX T -
a (trmexf sec) 75
k 10

v 2 .
L (FD;) L)‘i().i, t;} Top(Ry D) log, Ty (A D)5 Ry Bt (20)

Jonel

j:l i=

[

E 7 = extra-image exposure cue to intra-ocular scattering at a

ime t; and at a horizontal range S

ex . . .
E = extra-image exposure due to atmospheric scattering at a

»

time t, and at a horizontal range S
g€ = angle in degrees between the direction of fixation and the
direction corresponding tc the point at which the extra-

image exposure is being calculated

and all other quantities are as previously defined. Egquations 18,
19 and 20 are the complete expressions for. the direct- and exira-

image expo&sures.
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2. Critical Exposure, Ec
The critical exposure for flashblindness calculations is that
cxposure for which the observer will be unable to perform a specified
visual task for 12 scconds., It is evident from Figure 1 that target
or task luminance i> a highly important variable in the determina-
tion of recovery time for 2 given stimulus. Therefore, a value of

task luminance must be selected for both the day and the night

conditions beforc a threshold exposure can be defined. The average

instrument luminance under night conditions has been taken as .07
- 13 et .

millilamberts”~, whereas that for day conditions is assumed to be

i3

20 millilamberts. 14 According to Miller 7, the foveal exposures
corresponding to the above task luminances for 10 second recovery
times are 7.87 x 105 trol, s-sec and 1.97 x 107 trole&--sec,
respectively. It should be noted that the transmission through the

¢ye has not been included in the threshold exposures: and so. T, (%, D}

does nect include the the eye transmissicn for any flashblindness

caiculations.

As in the case of retinal burns, safety factors have been
introduced into these calculations. A factor of 2 is again included
in the calculated exposure values to compensate for possible errors

~

in weapon output data. A factor of 2 is introduced into the thres-

hold value to account for variations among individuals. Thus, the

v
n

ot o4

v i

sy




A

"
i

i

k)
it i AN

|
SNt
"

i

Mliduilyi

§
{
'

Hibs N
PR JRORTENE S

HAhG]

fupltbrilill

QNN AT

BNt

A

il

b it hhaalh U

ety i

equation to be solved for "sale

L1

s2paration for {lashblindness is

4E, = E_ where E_ is the luminous exnosure at a position 1.5°
from the fovea calculaied using equations 18 or 12 and 24, which-
ever is appropriate. Sample safe separation envelopes ars presented

in Figure 6.
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RETINAL BURN SAFE SEFPARATION DISTANCE CURVES

Retinal burn safe separation distances have been calculated by
the method described in this report for seven yields (. 0!, .10, 1.0,
10,, 100., 1000., and 10000, KT.), three burst heights (1.0, 10.,
and 50, kft.), ! o visibilities (i0. and 100. km), and for day and
night conditions. The results of these calculations are included in
this appendix. Each graph presenis safe separation distance as a
function of observer altitude for a particular yield, burst height,
visibility, and for day or night conditions. Blink time is the para-
meter between curves, and blink times of .16, .15, .20, .50, 1.0,

and 5.0 sec are included in each graph (except where interpolation

between times is obvious).

All graphs for day conditions are presented first and followed
by those for night conditions, Within these large divisions, the
graphs are arranged in order of increasing yield; a further sub-
division is made to include increasing visibilities and a {inal sub-
division is mude for increasing burst heigats. For burst heights
of 50 kilofeet, the safe separation distances should be used with

caution.
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